Purpose. To compare anatomic, radiographic, and computed tomographic (CT) measurements of the proximal femur in an Indian population. Methods. 26 left and 24 right dried cadaveric femurs were obtained. Each femur was divided into segments at 10 cross-sectional levels from proximal to distal. At each level, anteroposterior (AP), lateral, 45º internal oblique, and 45º external oblique diameters of the medullary canal were measured using radiography and CT. To minimise magnification, the femur was placed over the film/board. The neck shaft angle, femoral head offset, neck length, and femoral head diameter were also measured. For anatomic measurements, the cross-sections of the medullary canal at levels 3 to 10 were measured using a calliper. Anatomic measurements were compared with radiographic and CT measurements, and the distortion calculated. Correlation between the 3 modalities was calculated using the Pearson correlation coefficient. Accuracy index of the 2 diagnostic modalities was measured, based on the differences between anatomic and radiographic/CT measurements. Lower accuracy indices indicated higher accuracy.
using the Pearson correlation coefficient. Accuracy index of the 2 diagnostic modalities was measured, based on the differences between anatomic and radiographic/CT measurements. Lower accuracy indices indicated higher accuracy. Results. On AP radiographs of all femurs, the mean femoral head diameter was 45 mm, the mean neck shaft angle was 132º, the mean femoral head offset was 42 mm, and the mean neck length was 63 mm. With regard to medullary canal diameters, the radiographic and CT measurements were smaller than anatomic measurements at proximal levels, but similar at distal levels. Variations between femurs and between the 4 diameters at the same level were greater at proximal levels. Conclusions. Combined use of radiography and CT is recommended for preoperative assessment of implant size, particularly in uncemented arthroplasty where an optimal fit is essential for biological fixation.
INTRODUCTION
Improving the fit and fill of cementless stems in the femoral canal decreases the risk of proximal bone resorption secondary to stress shielding. Precise measurements are essential for optimal fit of the cementless prosthesis. [1] [2] [3] [4] However, exact dimensions are difficult to determine owing to variations of age, gender and ethnicity. Radiography is commonly used for preoperative measurement of proximal femur dimensions and implant size. This has many limitations in terms of resolution, image distortion and exact positioning. Computed tomography (CT) provides 3-dimensional images and eliminates such limitations. However, both techniques reflect the true anatomic configurations only indirectly. Their accuracy in determining dimensions of the proximal femur in Asian populations remains unknown. [5] [6] [7] [8] We therefore compared the anatomic, radiographic, and computed tomographic measurements of the proximal femur in an Indian population.
MATERIALS AND METHODS
26 left and 24 right dried cadaveric femurs with no pathology or fracture were obtained from the department of anatomy. Each femur was divided into segments at 10 cross-sectional levels from proximal to distal; they included the level of the most prominent point of the lesser trochanter and 1, 2, and 3 cm above and below it, and the junction of the proximal third of the femur and 2 cm above and below it ( Fig. 1) . At each level, anteroposterior (AP), lateral, 45º internal oblique, and 45º external oblique diameters of the medullary canal were measured using radiography and CT. To minimise magnification, the femur was placed over the film/board. The femoral head diameter, neck shaft angle, femoral head offset, and neck length were also measured. For anatomic measurements, the cross-sections of the medullary canal from levels 3 to 10 only were measured using a calliper (Fig. 2) , as medullary canal diameters at levels 1 and 2 were difficult to obtain.
Anatomic measurements were compared with radiographic and CT measurements, and distortion was calculated (anatomic measurement minus radiographic measurement divided by anatomic measurement). Correlation between the 3 modalities was calculated using the Pearson correlation coefficient. Accuracy index of the 2 diagnostic modalities was measured, based on the differences between anatomic and radiographic/CT measurements. Lower accuracy indices indicated higher accuracy.
RESULTS
On AP radiographs of all femurs, the mean femoral head diameter was 45 mm (44% were 45±1 mm, 28% were 48±1 mm, and 16% were 42±1 mm), the mean neck shaft angle was 132º (28% were 129º±1º, 24% were 132º±1º, and 18% were 137º±1º), the mean femoral head offset was 42 mm (34% were 40±2 mm, 30% were 45±2 mm, and 14% were 50±2 mm), and the mean neck length was 63 mm (26% were 61±1 mm, 22% were 58±1 mm, 10% were 64±2 mm, and 10% were 67±2 mm). The values for neck shaft angle and femoral head offset were more scattered as shown by their greater standard deviations ( Table 1) .
The endosteal dimensions decreased gradually from levels 1 to 10 in all 4 diameters (AP, lateral, internal oblique, and external oblique). It became nearly constant at the junction of the proximal third of the femur (level 9). In the trochanteric area, all 4 diameters showed different decreasing trends of the endosteal dimensions from levels 3 to 7. The decrease was less marked in the AP plane and more marked in the lateral plane. This may have implications in stem designs for Asians, as a good fit on the bonestem interface enhances prosthetic fixation.
With regard to medullary canal diameters, the radiographic and CT measurements were smaller than the anatomic measurements at proximal levels, but similar at distal levels (7 to 10) [ Table 2 ]. Variations between femurs and between the 4 diameters at the same level were greater proximally, as indicated by higher standard deviations.
At the level of the lesser trochanter (level 4), radiographic distortion was higher in all 4 diameters, especially the internal oblique diameter ( Table 2) . At levels 7 to 10, distortion was minimal and generally greater on CT than on radiography (Table 2) .
Based on the lateral diameters at level 3, 37 out of 50 femurs were classified as small (28-33 mm, n=8), medium (34-39 mm, n=16), and large (40-45 mm, n=13) [ Table 3 ]. The remaining 13 femurs were excluded from analysis because of extreme sizes (<28 mm, n=4; >45 mm, n=9).
Correlation with anatomic measurements was higher for AP than lateral diameters (Table 4) . At levels 7 to 10, anatomic measurements correlated better with radiographic than CT measurements in terms of the lateral diameter.
The accuracy indices of radiography for the AP diameter were relatively low from level 8 onwards; for the internal oblique diameter, the indices were highest at levels 3 to 5, but decreased from level 6 onwards (Table 5) . Lower accuracy indices indicated higher accuracy. At level 3 (1 cm above the lesser trochanter), the AP diameter was relatively accurate, but all other diameters were less accurate, owing to superimposition of the lesser trochanter. At this level the femur had good cortical trabeculae in the anterior part and a well-defined posterior border. At level 4 (the level of the lesser trochanter), distortion was relatively high, particularly for the internal oblique diameter, because of the closely packed trabeculae. These morphological features are important in hip arthroplasties. [1] [2] [3] [4] The stem size is usually determined by preoperative radiographs and CT. Nonetheless, their accuracy and distortion can only be confirmed intra-operatively.
Radiography has limitations in terms of resolution and distortion. The shape of the femoral canal varies, and the endosteal surface is difficult to predict. 6 In a cadaveric study of the trans-bicondylar plane, both radiography and CT overestimated the cortical thickness of the femur. 8 Radiographic measurements were closer to the anatomic measurements, compared to CT (owing to blurring of edges) despite less scatter. 8 In another study, after correction for radiographic distortion, the radiographic diameters were shorter than the anatomic diameters. 9 With regard to CT, none of the diameters showed great variation, except for the external oblique diameter. At level 6, both radiographic and CT measurements became more accurate. At levels 7 to 10, distortion was minimal, as the cancellous bone was absent and cortical bone did not cause distortion.
DISCUSSION
The anotomy of the proximal femur enables bearing of many times the body weight. The bony trabeculae alter according to lines of stress and lie in a peculiar situation in the proximal femur. The transition of the proximal metaphyseal area to the central diaphyseal area is gradual and funnel shaped. CT and 2.4±1.4 mm with radiography. 7 The femoral canal diameter on radiographs varies in different hip rotations; variations are maximum at proximal levels. 5 The Caucasian femoral anatomy, on which prostheses are designed, differs from that of Asians; the former usually have larger proximal femoral dimensions. In a radiographic study of 200 Caucasian fresh cadaveric femurs, 6 the mean femoral head size was 46 mm, the mean neck shaft angle was 125º, the mean femoral head offset was 43 mm, the mean canal width at the lesser trochanter was 29 mm, and the mean canal widths at 2 cm above and below the lesser trochanter were 45 and 21 mm, respectively. In another study, the corresponding figures were 43 mm, 123º, 47 mm, 28 mm, 43 mm, and 21 mm. 7 In our study, the corresponding figures were 45 mm, 132º, 42 mm, 26 mm, 42 mm, and 18 mm.
The lesser trochanter was used as the reference point in the vertical axis. The most predictable endosteal dimension was the mediolateral width of the femoral canal 2 cm below the lesser trochanter, which correlated best with other levels of endosteal dimensions. 6 The femoral neck osteotomy level corresponded to the level 2 cm proximal to the lesser trochanter. 6 Various confounding factors (such as age, gender, donor population, drying of the cadaveric skeleton) may contribute to such anatomic variations. The smaller neck shaft angle may be due to a preponderance of female samples. 7 In our study, the effect of age and gender was not analysed. The lower femoral offset correlated well with the higher neck shaft angle.
Geometry of the implant and surface finishing play important roles in implantation of cementless femoral prostheses. The common femoral designs are either anatomically shaped stems for proximal Radiography remains the most common method to determine the stem size. It provides a fairly accurate estimate of distal femoral anatomy but is inadequate in the proximal femoral region. 7 CT is a precise technique under experimental conditions and remains accurate in clinical situations if technical care is taken. The mean difference was 0.8±0.7 mm with fixation or straight stems for distal fixation. Preoperative imaging is necessary to determine the optimum fit and fill of the femoral component. Fit is the proportion of the stem surface in contact with the endosteal surface. Fill refers to the ratio of volume of the stem to the canal. Radiography determines the fill by the ratio of the stem width and the canal at particular levels, whereas CT determines the ratio of the cross-sectional area of the stem and canal. There was a significant error in assessing fit and fill using radiography, compared to CT. 10 CT (3-dimensional imaging) is more accurate than radiography (2-dimensional imaging) in assessing anatomy of the proximal femur. Combined use of radiography and CT is recommended for preoperative assessment of implant size, particularly in uncemented arthroplasty where an optimal fit is essential for biological fixation.
